Complexation of neodymium(III) with nitrate was studied at variable temperatures (25, 40, 55 and 70ºC) by spectrophotometry and microcalorimetry. The NdNO 3 2+ complex is weak and becomes slightly stronger as the temperature is increased. The enthalpy of complexation at 25ºC was determined by microcalorimetry to be small and positive, (1.5 ± 0.2) kJ·mol -1 , in good agreement with the trend of the stability constant at variable temperatures. Luminescence emission spectra and lifetime of Eu(III) in nitrate solutions suggest that inner-sphere and bidentate complexes form between trivalent lanthanides (Nd 3+ and Eu 3+ ) and nitrate in aqueous solutions. Specific Ion Interaction approach (SIT) was used to obtain the stability constants of NdNO 3 2+ at infinite dilution and variable temperatures.
Introduction
Although a considerable number of stability constants of lanthanide and actinide complexes with inorganic and organic ligands have been published, 1 the coordination chemistry of lanthanides and actinides remains an active and challenging subject of study at both fundamental and applied levels. At the fundamental level, many aspects * E-mail address: LRao@lbl.gov 2 concerning the nature of complexes, including the hydration number, coordination modes, and the nature of bonding (e.g., inner-sphere vs. outer-sphere), are not fully understood. 2 At the applied level, recent activities in the environmental management of nuclear wastes have stimulated significant interest in the coordination chemistry of lanthanides and actinides in complicated matrices and under conditions relevant to nuclear wastes. For example, because the temperature of the high-level nuclear wastes in storage tanks and in the geological repository could be significantly higher than the ambient temperature, thermodynamic data on the complexation of lanthanides and actinides at elevated temperatures are needed in order to predict the behavior of lanthanides and actinides in waste processing or disposal. Currently, the majority of thermodynamic data for lanthanides and actinides are determined at or near 25 o C.
Stability constants at elevated temperatures are very scarce. Even for 25 o C, thermodynamic parameters other than stability constants, e.g., enthalpy of complexation, are rarely available. 1, 3, 4, 5 It is known that nitrate is a weak complexant for metal cations in aqueous solutions.
However, it is present in high concentrations in the process of spent nuclear fuel reprocessing as well as in nuclear wastes. As a result, complexation with nitrate could alter the speciation and affect the chemical behavior of lanthanides and actinides in the reprocessing processes. Besides, concentrated nitrate is often used as the "background" electrolyte in complexation studies. Consequently, correction for the complexation with nitrate must be made in order to calculate the stability constants and/or enthalpy of lanthanide and actinide complexes with other ligands. Therefore, thermodynamic parameters of lanthanide and actinide nitrate complexes should be known. In particular, 3 stability constants at elevated temperatures and the enthalpy of complexation should be determined since spent fuel reprocessing and waste treatment are usually operated at elevated temperatures.
There have been a number of studies [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] to determine the stability constants of lanthanide(III) complexes with nitrate in aqueous solutions, but few were conducted at temperatures higher than 25 o C and the data at 25 o C are scattered. Furthermore, the nature of the nitrate complex (e.g., outer-or inner-sphere) and the coordination mode (e.g., mono-or bi-dentate) are still open for discussion. In this work, we have determined the stability constant of the 1: 
Spectrophotometric titrations at variable temperatures
Absorption spectra of Nd(III) (550 -600 nm, 0.1 nm interval) were collected on a Varian Cary-5G spectrophotometer equipped with sample holders that were maintained at constant temperatures. 10 mm quartz cells were used. Details of the experimental setup were provided elsewhere. 23 Multiple titrations with different concentrations of Nd(III)
were performed. The initial concentrations of Nd(III) in the cells ranged from 0.08 to 0.10 mol·dm -3 . In each titration, appropriate aliquots of the titrant (1.00 mol·dm -3 NaNO 3 )
were added into the cell and mixed thoroughly (for 1 -2 minutes) before the spectrum was collected. The mixing time was found to be sufficiently long for the complexation to were performed to reduce the uncertainty of the results. In a typical titration, n additions of the titrant were made (usually n = 40 -50), resulting in n experimental values of the total heat generated in the reaction cell (Q ex,j , j = 1 to n). These values were corrected for the heats of dilution of the titrant (Q dil,j ) that were determined in separate runs. The net reaction heat at the j-th point (Q r,j ) was obtained from the difference: Q r,j = Q ex,j -Q dil,j .
The value of Q r,j is a function of the concentrations of the reactants (C Nd , C H and C nitrate ), the equilibrium constants and the enthalpies of the reactions that occurred in the titration.
A least-square minimization program, Letagrop, 25 was used to calculate the enthalpy of complexation of Nd(III) with nitrate. weighted residuals. Each trace contained at least 10,000 points, and the reported lifetime values resulted from at least three independent measurements. Table 1 indicate that the complexation of Nd(III) with nitrate is quite weak. However, a clear trend is shown that the complexation is enhanced as the 7 temperature is increased. The linearity of the van't Hoff plot (log K vs. 1/T, Fig. 2) suggests that the enthalpy of complexation can be assumed constant in the temperature range (25 -70 o C). From the slop of the linear fit (weighted by the uncertainties), the enthalpy of complexation for the temperature range was calculated to be (2.1 ± 0.5) kJ·mol -1 .
Luminescence spectroscopy

Results
Stability constants of NdNO 3 2+ at variable temperatures
To allow the comparison of stability constants at different temperatures, the constants in molar units should be corrected to obtain those in molal units. 3, 4 However, the correction was smaller than or at most comparable to the uncertainties of the experimental values of log 10 K M (NdNO 3 2+ ). Therefore, we have elected to assume log 10 K M ≈ log 10 K m in this work. Using these data in conjunction with the stability constant obtained by spectrophotometry, the enthalpy of complexation (eq.1) was calculated to be (1.5 ± 0.2) kJ·mol -1 at 25 o C. This value is in good agreement with the value of (2.1 ± 0.5) kJ·mol -1 obtained by the van't Hoff plot, and consistent with the observed trend that the complexation of Nd(III) with nitrate is slightly enhanced at elevated temperatures. With the stability constant and enthalpy of complexation, the entropy of complexation (eq.1) was calculated to be (1.4 ± 1.0) J·K -1 ·mol -1 at 25 o C. Figure 4 shows the luminescence emission spectra of Eu(III) in aqueous nitrate solutions.
Direct determination of enthalpy of complexation at 25 o C by calorimetry
Emission spectra and lifetime of the luminescence of Eu(III)
The spectra contains features originating from electronic transitions from the lowest excited state, 5 D 0 , to the ground state manifold, 7 F J (J = 0 -3). As the concentration of nitrate was increased from 0 to 0.9 mol·dm -3 , changes occurred in the transitions of 5 D 0 → 7 F 0 , 5 D 0 → 7 F 2 and 5 D 0 → 7 F 3 , indicating the perturbation of the primary coordination sphere of Eu(III) by nitrate. In particular, the intensity of the hypersensitive 5 D 0 → 7 F 2 transition (around 615 -620 nm) increased significantly with the increase of the nitrate concentration. On the contrary, the intensity of the 5 D 0 → 7 F 1 transition (around 590 -600 nm) is little affected because it is a magnetic dipole transition and not sensitive to the coordination environment of the fluorescent ion. 30 In fact, this band is often used as the internal standard for intensity comparison.
The luminescence decay of Eu(III) is shown in Fig. 5 by two sets of data for solutions with C nitrate = 0 and 0.90 mol·dm -3 . The decay pattern is fitted with a single exponential function and the lifetime (τ H2O ) is thus calculated. The lifetime of all Eu(III)
solutions with different C nitrate is summarized in Table 2 . The values are in good agreement with those previously observed for Eu(aq) 3+ (108, 113 µs) 13, 31 and that estimated for EuNO 3 (aq) 2+ (159 µs). 13 It is evident that the luminescence lifetime becomes longer as C nitrate is increased, suggesting the number of water molecules in the primary coordination sphere of Eu 3+ is reduced due to the complexation with nitrate.
Using the relationship between the luminescence lifetime and the hydration number (n H2O = 1.05 × τ H2O -1 -0.7, where τ H2O is in milliseconds), 31 the average number of water molecules in the primary coordination sphere of Eu 3+ (n H2O,exp ) was obtained ( Table 2) .
From n H2O,exp , the number of nitrate in the primary coordination sphere of Eu 3+ can be 9 calculated by assuming the nitrate is either bidentate (n NO3,b ) or monodentate (n NO3,m ).
These values are also listed in Table 2 and discussed in Section 4.3.
Discussion
Temperature effect on complexation
The band areas of the hypersensitive transition of Nd(III) ( 4 I 9/2 → 4 G 5/2 , 2 G 7/2 ) were calculated by integrating the bands shown in Fig.1 . After being normalized against the band area in the absence of nitrate, the band area is plotted against the ligand to metal ratio (C nitrate /C Nd ) in Fig.6A . The plot indicates that the intensity of this transition was enhanced by the complexation of Nd(III) with nitrate in a similar manner at different temperatures, and that the enhancement is more significant at 70 o C than 25 o C. Based on the generalization by Henrie et al., 32 such difference implies that, at the same ratio of C nitrate /C Nd , there are a greater number of coordinated nitrate ligands around Nd 3+ at 70 o C than at 25 o C. In other words, the difference in the enhancement of intensity between 25 o C and 70 o C suggests that Nd(III)/nitrate complexation is stronger at higher temperatures. This is consistent with the trend in the thermodynamic constants shown in Table 1 .
Interestingly, if the normalized band area is plotted against the average number of nitrate ligands around Nd 3+ ( n NO3 , calculated with the stability constants at 25 o C and 70 o C in Table 1 ), the points for both temperatures fall onto a single straight line, indicating that the band area is proportional to n NO3 no matter at what temperature (Fig.6B ).
Jφorgensen and Judd have concluded that the hypersensitive transitions in lanthanides are probably "pseudoquadrupole" in nature and the hypersensitivity is believed to be due to coulombic correlation of dipoles induced in the ligands by the transition quadrupole moment of the metal ion. [26] [27] [28] [29] The changes in the absorption spectrum of Nd(III), the hypersensitive 4 I 9/2 → 4 G 5/2 , 2 G 7/2 transition in particular, have been used to provide insight into the coordination environment of the Nd 3+ ion in aqueous solutions. 32, 33 For example, Choppin et al. 33 found that the 4 I 9/2 → 4 G 5/2 , 2 G 7/2 transition of Nd(III) was greatly intensified as Nd(III) formed complexes with acetate. From the experimental data, the oscillator strengths for this transition were calculated to be 7.9 × 10 -6 (for Nd 3+ ), 9.5 × 10 -6 (for Nd(OOCCH 3 ) 2+ ), and 46 × 10 -6 (for Nd(OOCCH 3 ) 2 + ) in 2.0 mol·dm -3 Na(ClO 4 /NO 3 ). 33 In this work, we could calculate the oscillator strengths (f) of the Nd(III) species in nitrate systems from the integrated band areas of the deconvoluted spectra for Nd(aq) 3+ and NdNO 3 2+ (Fig.1 ). For the 4 which seems to support the "pseudoquadrupole" mechanism of the intensity enhancement, because the NdNO 3 2+ species is expected to be more asymmetric than the Nd(aq) 3+ species and the pseudoquadrupole transitions should be more intense in the former. In addition, the ratio of f(NdNO 3 2+ )/f(Nd(aq) 3+ ) is slightly larger at 70 o C (1.64) than that at 25 o C (1.53), suggesting that the complexation is slightly enhanced at higher temperatures. However, based on the changes in the absorption and luminescence spectra, we believe that both inner-and outer-sphere lanthanide(III) nitrate complexes exist in solutions.
Inner-vs. outer-sphere complexes
While methods such as solvent extraction 7 take into account both inner-and outer-sphere complexation, optical absorption and luminescence techniques used in this work and previous studies 13, 14 probably probe only the inner-sphere complexation. This may explain the significant difference between the stability constant from ref. [7] and that from this work at the same temperature (25 o C) and ionic strength (1.0 mol -1 ·dm -3 ) (see Table   1 ).
The change in the 5 D 0 → 7 F 0 transition (577 -578 nm) of the Eu(III) luminescence spectra (Fig.4) is also very informative. Because both the initial and final states have J = 0 and its intensity is governed by the symmetry-related rule, 13 the change provides additional evidence that inner-sphere complex forms between Eu 3+ and nitrate. As the insert in Fig. 4 shows, this transition was not observed when there was no nitrate in the Eu(III) solution. It appeared as nitrate was added and its intensity increased as the concentration of nitrate was increased. This observation, consistent with those in previous luminescence studies, 13 suggests that the Eu(aq) 3+ ion probably possesses a center of inversion (e.g., as a mixture of hydrated ions with coordination numbers of 8 and 10) so that the 5 D 0 → 7 F 0 transition is completely forbidden, and that nitrate forms an "innersphere" complex with Eu(III) and destroys the center of inversion so that the transition becomes partially allowed.
Coordination mode in the lanthanide(III) nitrate complex
Data in the literature have shown that bidentate nitrato coordination is dominant in solid nitrato compounds of lanthanides such as NdCl(NO 3 ) 2 ) 2 , 34 and LaCl 2 (NO 3 )(18-crown-6). 35 EXAFS studies have also shown that nitrate is bidentate in the complexes with Nd(III) and Lu(III) in aqueous solutions, with the N atom at about 2.5 Å from the metal atom. 36 However, quantum calculations suggest that, though bidentate coordination is preferred energetically when the first coordination shell is not crowded, monodentate and bidentate modes of binding become of similar energy when the first coordination shell is saturated. As the cation becomes smaller along the lanthanide series, the preference for monodentate nitrate binding may increase. 37 Using Eu(III)/nitrate as a chemical analog to Nd(III)/nitrate, the luminescence lifetime data from this work help to clarify the coordination mode of nitrate in NdNO 3 2+ .
On one hand, the numbers of coordinating nitrate (n NO3,b for bidentate and n NO3,m for monodentate) are obtained from n H2O,exp by assuming the nitrate is either bidentate (each replacing two water molecules) or monodentate (each replacing one water molecule) ( Fig.7 , data from this work suggest that nitrate binds Eu(III), and probably Nd(III) as well, in a bidentate mode in aqueous solutions.
Calculation of stability constants at variable temperatures to infinitely dilute solutions: Analysis by the Specific Ion Interaction approach (SIT)
As preferred in common compilations of thermodynamic data, the standard state is defined as the infinitely dilute solution (I = 0 mol·dm -3 ), with pure water as the solvent.
The SIT (Specific Ion Interaction) approach originated from the Brφnsted-Guggenheim-Scatchard model has been used to calculate the equilibrium constants at zero ionic strength. 3, 4 For reaction (1), the equilibrium constant at the standard state (log K 0 m in molality) are calculated by equation (2): = -(0.11 ± 0.04). 3, 4 For the calculation of log K 0 m at temperatures other than 25 o C, we have adopted the following approaches:
(1) using log K 0 M (molarity) in Table 1 * n NO3,b and n NO3,m are the number of nitrate in the primary coordination sphere of Eu 3+ obtained from n H2O,exp , assuming the nitrate is bidentate or monodentate, respectively. 20 [Eu(III)] total = 0.0202 mol·dm -3 , [H + ] = 0.100 mol·dm -3 , [nitrate] total from 0 to 0.900 mol·dm -3 .
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Thermodynamic and spectroscopic data indicate that nitrate forms bidentate innersphere complex with Nd(III) in aqueous solutions. The complex is weak and becomes slightly stronger at higher temperatures.
